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We experimentally observe the action of multiple light pulses on the transverse motion of a
continuous beam of fullerenes. The light potential is generated by non-resonant ultra-short laser
pulses in perpendicular spatial overlap with the molecule beam. We observe a small but clear
enhancement of the number of molecules in the center fraction of the molecular beam. Relatively
low light intensity and short laser pulse duration prevent the molecule from fragmentation and
ionization. Experimental results are confirmed by Monte Carlo trajectory simulations.
It is known from both theory [1] and experiment [2–
5] that when a neutral molecule enters the focus of a
time-varying electric field a dipole force is acting on the
center of mass motion of the particle. The same effect
is used for optical tweezing of micro-meter sized par-
ticles and biological cells. The dipole potential U is
related to the dynamic (frequency dependent) polariz-
ability of the molecule, α, and the space and time de-
pendent distribution of the intensity of a light field E2:
U (x, y, z, t) = − 14αE2 (x, y, z, t) .
The dipole force, F = −∇U , is proportional to the
gradient of the laser intensity. Assuming a Gaussian
laser profile, the velocity change of the molecules in
the y-direction (see Fig. 2) is obtained by integrat-
ing the force over light-matter interaction time, ∆vy =
1
m
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where x = vxt describes the longitudinal motion of
the molecule and τ is the light-molecule interaction
time. Earlier experiments using dipole force observed the
change in velocity for a pulsed beam of small molecules
interacting with an individual tightly focused laser pulse
of diameter 10 µm [4]. In contrast we will measure the
transverse effect by its net increase in molecular beam
flux at a certain spatial area at the detector.
First, we model the dipole force effect on the motion
of neutral molecules for a quasi-continuous laser beam
of increasing the laser waist w0 where a test particle is
propagating through the potential energy landscape of
focused light (Eqn. 1). The calculated total change in
transverse velocity (∆vt) for a molecule passing through
the laser spot of different waist is shown in Fig. 1a).
A single dispersion profile for w0=154 µm is shown in
Fig. 1b). As expected, increasing the beam waist at
a given laser power leads to a reduction in the trans-
verse velocity effect. second, from trajectory simulation
by randomly sampling of starting conditions for position
and transverse velocity (Monte Carlo) we model the effect
of multiple pulses acting on individual molecule trajec-
(a)
(b)
FIG. 1. (a) Model showing the total change in velocity of
a test molecule (C60) traveling with initially zero transverse
velocity (perfect collimation) through a focused laser for dif-
ferent beam waists and positions along the Gaussian profile
of the laser. (b) total velocity change for a beam waist of
154 µm, cut through (a) along arrow. In both simulations
the following parameters were used mC60=720 amu, vx=180
m/s, pulse length=100 fs, αC60=90 A˚
3, r=76 MHz, Ppeak=60
kW.
tories. Molecule distributions simulated with and with-
out laser interactions are shown in Fig. 2 b) indicating
a clear squeezing of the spatial molecule distribution in
y-direction for the case with laser ’on’.
Experiments have been performed with C60 fullerene
beams formed by sublimation in an oven (Sigma Aldrich,
99.9% purity). The longitudinal velocity vx was selected
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2FIG. 2. (a) Schematics of the experimental setup and the
geometry of the focusing effect. This affects only one spatial
direction of the molecule beam due to the light intensity gra-
dient - an elliptic lens. Light focusing in z-direction is too
weak to have an effect. (b) Molecule as counted in the de-
tector plane by Monte Carlo trajectory simulations showing
the qualitative effect of the lensing with laser (red points)
compared to detected molecules without laser (black points)
for the same parameter as for the simulations of the dipole
potential in Fig. 1. The energy is per laser pulse.
to be 180 m/s with a longitudinal spread of ∆v/v =
±2.2% (FWHM) [6]. The molecular beam is collimated
by a 1 mm aperture (collimation is about 1 mrad) before
it is crossed with a pulsed laser (Coherent MIRA, pulse
duration 100 fs, peak power 10 nJ, wavelength 800 nm)
aligned along the z-axis. The laser beam was focused by
a f = 100 cm lens to have a waist of about 100 µm at the
light-molecule crossing. The vacuum chamber was kept
at a pressure of 1×10−8 mbar. See for setup Fig. 2a).
Molecules are detected by a Quadrupole Mass Spectrom-
eter (Extrel) aligned in the x-axis, at a distance of 0.6 m
after the light-molecule crossing. Spatial cross sections of
the molecular beam were detected by moving the detec-
tor position with respect to the molecule beam or using
sub-mm apertures and slits aligned in the z- and y-axis
in front of the detector.
On-Off switching effect: Fig.3(a) shows experimental
data of a series of nine consecutive measurements with
the laser on or off. The average ’laser-on’ power was 350
mW. Every data point represents the average of molecule
counts over 13 minutes. We used a 0.5 mm pinhole in
front of detector to measure only the center region of
the molecular beam, where we expect an increase of de-
tected molecules. We observe a clear modulation of the
number of molecules being detected. Error bars are the
standard deviation. Fluctuations of the detected signal
are caused by molecular beam flux variations, laser in-
stabilities as well as fluctuations in the QMS detector.
The laser intensity was checked to be sufficiently stable
for the time of the measurement. Integration time was
chosen to reduce long term fluctuations while allowing
for optimal signal to noise ratio from averaging. The ex-
periment has been repeated several times with apertures
of different size and shape in front of the detector and
with a different molecule: tetra-phenyl porphyrin (TPP,
614 amu). All measurements support our observation of
a transverse modulation of molecular motion. Although
we observe only a small effect, this is the first experi-
mental evidence for an optical dipole force effect on the
center of mass motion of large molecules resulting from
interactions with multiple light pulses. The spatial reso-
lution of a scanning aperture method was not sufficient
to image a focusing effect in the total beam profile.
Linear power dependency: To investigate the effect fur-
ther we vary the laser power and observe the number of
molecules detected. We observe a linear power depen-
dency of the count rate in agreement with Eqn. 1 (see
Fig. 3(b)). Data are an average of 52 measurement se-
quences taken over 15 seconds for each laser power sub-
sequently, to reduce the effect of systematic count rate
drifts. An maximal 8% increase in total count rate was
observed for a maximum average laser power of 420 mW .
This value is replicated with our Monte Carlo simulations
which are shown by the red line in Fig. 3(b). Simulated
trajectories of 105 molecules for different laser powers
show the same linear dependency of the total molecule
counts, in perfect agreement with the experiment for a
laser beam waist of w0 = 154 µm, which was the only
free parameter in the Monte Carlo simulations. This is
in agreement with the optics setup of the experiment.
Each molecule interacts on average with 63 light pulses.
The maximum laser intensity at the center of the beam
waist is 4.4×108 W/cm2.
Competing effects: Arguably, a single 800 nm photon
cannot ionize C60. Multiphoton ionization becomes sig-
nificant for intensities of approximately 1013W/cm2 [7].
In our experiment, the peak intensity of pulses is of the
order 108W/cm2, well below the ionization threshold. It
has been shown that femtosecond lasers can be used to
increase ionization rates in large molecules compared to
nanosecond pulses and to study the dynamics of the ion-
ization process [8]. In our experiment the average num-
ber of absorbed photons is: Nabs =
2Pστ
piω20hν
, where τ is
the interaction time between light of frequency ν and
molecule, h is Planck’s constant. We use the absorp-
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FIG. 3. Experimental results of C60 transverse manipulation,
with standard error from 52 averaged measurement runs. (a)
shows the number of molecules detected as affected by switch-
ing the laser on (350 mW average power) and off. (b) Average
laser power dependence of the number of molecules detected,
the red line shows the results of Monte Carlo simulations for a
beam waist of 154 µm, the blue area shows the 95% confidence
range.
tion cross section of σ = 6×10−20cm−2 for C60 at 800
nm [9] to estimate an total average value of 2.5×10−4
photons absorbed by a molecule if it passes through the
center of the laser. With this we can exclude all com-
peting effects which depend on photo-absorption such as
ionization, fragmentation or dissociation to explain our
observation. Furthermore the significance of photon re-
coil effecting the center of mass motion of molecules can
be neglected [10].
We now argue that this manipulation technique is uni-
versal and applicable to any polarizable particle as both
mass and polarizability scale with the volume of the par-
ticle. The polarizability to mass ratio for C60 is given by
α/m = 0.1 A˚
3
/amu. This ratio typically differs only by
maximally ±15% for other molecules and particles [11]
and it is easily possible to change the optical potential
U by a factor of two through modulation of laser power,
which would more than compensates the α/m variation.
The multiple pulse interaction may open the door to new
light-molecule manipulation schemes as adding a new de-
gree of freedom for handling.
In summary, we have observed a clear effect of mul-
tiple light pulses on the center of mass motion of neu-
tral molecules. Further experiments are needed to opti-
mize the light-molecule interaction effect. Simulations
predict large deflection for high laser pulse energy as
from ns-pulsed lasers, which have lower laser pulse repe-
tition rates. Generally, the experiment can also be per-
formed with high intensity continuous lasers. However
more damage to the molecule is expected.
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